Intra-operative delineation of breast cancer is a significant problem in surgical oncology. A reliable method for demarcation of malignant breast tissue during surgery would reduce the reexcision rate due to positive margins. We present a novel method of identifying breast cancer margins using combined dye-enhanced wide-field fluorescence polarization (FP) imaging for en face cancer margins and polarization sensitive (PS) optical coherence tomography (OCT) for cross-sectional evaluation. Tumor specimens were collected following breast surgery, stained with methylene blue, and imaged. Wide-field FP images were excited at 640 nm and registered between 660 and 750 nm. Standard and PS OCT images were acquired using a commercial 1310 nm swept-source system. The imaging results were validated against histopathology.
Introduction
Women have a 1 in 8 lifetime risk of having invasive breast cancer, which is the second leading cause of cancer death in women (1). Sixty to seventy percent of breast cancer patients undergo lumpectomy or breast conserving surgery (BCS) for surgical resection of the tumor and the rest have mastectomy (2, 3) . Alternative noninvasive treatments are also being developed such as MRI guided focused ultrasound surgery (4, 5) but BCS presently remains the preferred method of treatment. Currently, breast cancer resection margins are defined several days post-operatively by pathologists analyzing the gross resection specimen macroscopically and representative histopathology sections of the tissue microscopically, thus rendering a final diagnosis. However, it is not practical to evaluate the entire tumor margin with this method, as thousands of histological tissue sections would have to be examined to fully evaluate the surface of a breast specimen measuring one centimeter in length (6) . Therefore, pathologists render a diagnosis by analyzing the regions of interest selected from macroscopic evaluation, which may lead to sampling error. In addition, pathologic tissue processing takes days to complete and in 20% to 60% of cases additional tumor is found at the margins (7, 8) . Many patients require additional surgery, which results in higher treatment cost, greater morbidity, infection risk, delayed adjuvant therapy, poor cosmetic outcomes, and a patient's loss of confidence in the adequacy of the treatment (6) . Therefore, defining cancer margins intraoperatively is an important step for lowering the re-excision rate. Alternative pathology approaches such as Frozen Section (FS) pathology (9) and Touch Prep (TP) cytology (10) have been proposed. However, performance limitations (11) have prevented mainstream adoption of such methods. For example, TP cannot distinguish between in situ and invasive cancers (12) . Similarly, FS processing is time consuming and may damage tissue compromising definitive permanent histopathology (13, 14) . Author Manuscript Published OnlineFirst on June 23, 2014; DOI: 10.1158/0008-5472. CAN-13-2411 due to the need for an onsite pathologist (8) . Therefore, surgeons performing BCS have an urgent need for a method to observe the entire cancer margin intraoperatively in real time.
Optical techniques such as wide-field polarization imaging (WFPI) (15) (16) (17) (18) (19) , and optical coherence tomography (OCT) (20) (21) (22) can potentially perform rapid and accurate evaluation of the entire surgical margin intraoperatively. Previously our lab has shown promising results in delineating cancer in ex vivo samples of breast ductal carcinomas using a combination of WFPI and standard OCT (16) . In the study, wide-field imaging was used to accurately evaluate lateral extent of the tumor of the tissue while standard OCT provided high-resolution information on the depth of the lesion. Standard OCT was capable of distinguishing adipose tissue and cancer, but it was difficult to discern tumor on the background of connective tissue. To remedy this deficiency, in this study we investigated the combination of wide-field fluorescence polarization and polarization sensitive OCT (PS OCT). PS OCT is capable of examining birefringence differences within the tissue sample (23) . As the birefringence exhibited by fibrous tissue is higher than that of tumors, PS OCT can be expected to enhance contrast of cancer on the fibrous background (16) , thus improving the results of tumor delineation as compared to standard OCT (24) (25) (26) . In this paper we present en face fluorescence polarization and cross-sectional polarization sensitive OCT images of breast tumors and compare optical images to histopathology. In addition, we evaluated the values of fluorescence polarization in invasive ductal carcinoma (IDC), benign fibrocystic breast disease (FCC), and normal breast tissue.
Materials and Methods

Contrast Agent
Methylene blue (MB) was used as a fluorescent contrast agent for WFPI. MB is currently used for detecting breast cancer in sentinel node (27) (28) (29) (30) 
Sample Preparation and Handling
Excess tissue specimens for the study were obtained from University of Massachusetts Medical
Center following breast conserving surgery under an IRB approved protocol. In total, we have investigated 16 specimens from 16 patients. Information on the specimens is summarized in the first five columns of Table 1 . The specimens for the study were obtained by a pathologist before fixation in formalin and after performing gross examination. The tissues included some tumor and a rim of adjoining residual breast tissue, which could contain normal tissue. The specimens were placed in vials with saline solution (DPBS pH 7.4 from Mediatech Inc. Manassas, VA) and immediately transported to UMASS Lowell for imaging. Imaging team was not informed of the diagnosis of the specimens. Of the 16 specimens, 5 were obtained from mastectomy and 11 from needle localization lumpectomy specimens either for a preoperative diagnosis of carcinoma or in 4 cases for a diagnosis of fibrocystic change with atypical ductal hyperplasia. Of the 5 fibrocystic change samples 4 were from lumpectomies for benign condition. The 5 th sample was preoperatively diagnosed as ductal carcinoma in situ. However, after histopathological examination of the imaged tissue, it was confirmed to be benign fibrocystic change. the specimens were fixed in formalin and histopathology sections were processed from the approximately the same en face and vertical planes that were imaged.
Optical Coherence Tomography Imaging and Data Processing
A commercially available Thorlabs swept-source system (OCS1300SS, Newton, New Jersey) with a polarization sensitive add-on module (PSOCT-1300, Newton, New Jersey) was used for OCT imaging in this study. The system incorporated a 1325 nm high-speed, frequency swept laser to illuminate the sample. The two orthogonal polarization states were detected using a fiber polarization beam splitter. The interference signals were fed to two balanced detectors measuring the vertical and horizontal polarization states, which were used to calculate birefringence induced phase-retardation images along with standard OCT images. The OCT system provided a lateral resolution of 25 μm and an axial resolution of 9 μm -12 μm with a maximum imaging depth of 1.5 -2 mm in breast tissue and a scanning rate of 25 fps. The data acquisition and processing was handled using Thorlabs integrated software package. The software allowed for automatic acquisition of multiple cross-sectional images of a given volume, which could be processed into a 3D volume block.
Wide-Field Imaging and Data Processing
The illumination was provided by a xenon arc lamp (Lambda LS, Sutter, Novanto, CA) combined with a 640 nm bandpass filter, with a full width at half maximum of 10 nm. The lamp was attached to a custom built ring light guide, which provided homogenous illumination of the sample. Images were acquired using a 0.5X Rodenstock lens coupled to a CCD camera 
Histopathology
Both en face and vertical histopathology sections were processed from each of the imaged tissue samples. After imaging, the fixed tissues were embedded horizontally in paraffin and several 5 μm thick slices were cut using a microtome. The sections were cut from the approximate planes that were imaged. Once cut, the tissue sections were transferred to glass slides and stained with hematoxylin and eosin (H&E). After the en face histopathology had been processed, the paraffin tissue blocks were melted, the tissue was reoriented and embedded for cross-sectional slices to be cut. These vertical sections were cut from the approximate locations of regions of interest defined from OCT and PS OCT images. The cross-sectional sections were then transferred to glass slides and stained as described for en face sections. All histopathology slides were digitized using a Zeiss Axioscope microscope (Zeiss, Germany, 5X objective lens, NA 0.13). The optical images were correlated with corresponding digitized histopathology. 
Evaluation of Tumor Contrast in Optical Images
Contrast of tumor with respect to normal tissue was assessed quantitatively for wide-field fluorescence polarization, standard OCT, and PS OCT images. For correlating optical and histological images and for evaluating cancer contrast in the optical images, the tumor and normal areas were outlined in the optical images of each specimen, exactly as they present in histopathology. This procedure was described in detail elsewhere (15, 16, 35, 36) . In short, cancerous and normal regions were outlined by a pathologist in digitized histopathology slides.
Due to the preparation of paraffin embedded histopathology, sections may not preserve the shape and size of the imaged tissue block. To correct for this artifact, digitized histopathology slides were overlaid onto the optical images. Then affine, projective, or polynomial transformations were applied so that similar structures in the optical images coincided with corresponding structures in histopathology. After correction, the regions corresponding to cancer and normal breast tissue in histopathology were outlined in the optical images. To compare contrast of the standard OCT and PS OCT images, the images were normalized by the maximum pixel value. Normalized mean pixel values for tumor and normal areas were calculated for each specimen. Then obtained mean pixel values for cancer and normal tissue were averaged across all specimens.
Tumor contrast was calculated using formula [2] 
Statistical Analysis
The differences in tumor and normal values were evaluated statistically for wide-field fluorescence polarization, standard OCT, and PS OCT images using a one-tailed student's t-test for two independent populations. In all cases we tested the alternative hypothesis that the mean pixel value averaged over tumor regions in each sample was significantly different from the mean pixel value averaged over all normal regions in the samples. The p-value results were calculated for each modality and considered significant at p<0.005.
Results/Discussion
In total, eleven invasive ductal carcinomas and five benign fibrocystic breast tumors from 16 patients were imaged for this study. All samples came from female patients following breast conserving surgery. The patient ages ranged from 38 to 73. The sample sizes varied approximately between 6.1 mm -12.9 mm in the lateral dimensions and 3 mm -7 mm in depth.
The respective data are summarized in Table 1 . Histological analysis performed by the study pathologist after optical imaging established that all cancer specimens included tumor and normal regions. Fibrocystic tumor specimens did not contain normal tissue.
Example en face images of a representative invasive ductal carcinoma sample are presented in (Fig. 1A) and residual benign breast tissue seen in the bottom third of the tissue section is predominantly adipose (fat) tissue. Cancer affected area is bright in the fluorescence polarization image (Fig. 1B) 
image and in histopathology (Fig. 1A) demonstrates good correlation. In Fig. 1B (Fig. 1C) and can hardly be distinguished. In contrast, in the PS OCT image (Fig. 1D) tumor is dark, whereas the fibrous tissue is bright, which confirms our hypothesis that birefringence imaging may help in delineating tumor and connective tissue. Comparison of the en-face optical images, including fluorescence polarization (Fig. 1B) , standard OCT (Fig. 1C ) and PS OCT (Fig. 1D) to histopathology (Fig. 1A) demonstrates that fluorescence polarization delineates the tumor margins more accurately as compared to standard OCT and PS OCT. In particular, neither of the OCT modalities highlights cancer in the upper left corner of the specimen. For this particular sample, the contrast for tumor to adipose tissue was measured to be 0.65 in the fluorescence polarization image (Fig. 1B) , 0.14 and 0.03 in the standard OCT (Fig. 1C) and PS OCT (Fig. 1D ) en face images, respectively.
Moreover, it is hard to discern fibrous tissue surrounded by the tumor in Fig. 1C . However, the standard OCT image in Fig. 1C demonstrates remarkable morphological detail. In particular, honeycomb structure of adipose cells is very prominent. PS OCT (Fig. 1D) provides complimentary information by highlighting the morphology of connective tissue. The contrast for tumor to fibrous connective tissue was 0.34 in the fluorescence polarization image (Fig. 1A) , 0.22 and 0.40 in the standard OCT (Fig. 1C) and PS OCT (Fig. 1D ) en face images, respectively.
Cross-sectional OCT images of the invasive ductal carcinoma specimen shown in Fig. 1 are presented in Fig. 2 B-C. The approximate location of the cross-sectional images is indicated in the en face histopathology image displayed in Fig. 1A . Cross-sectional histopathology ( Fig. 2A) Research. shows an area of tumor and connective tissue surrounded by adipose tissue on either side.
Similarly to the en face standard OCT image in Fig. 1 , standard OCT shows good contrast of adipose tissue in the cross-section pictured (Fig. 2B) . The standard OCT image correlates well with histopathology but does not differentiate tumor on the background of connective tissue. PS OCT (Fig. 2C ) emphasizes an area of connective tissue that is not clearly delineated in the standard OCT image (Fig. 2B) , although it does not clearly distinguish adipose tissue. (Fig. 3A) the pink area seen above the fatty breast tissue shows FCC, which mainly includes stromal fibrosis and cystic dilatation of the ducts. Smaller foci include lobules that have some minimal degree of adenosis. Fluorescence polarization does not highlight any areas in the sample. Thus, the benign lesion does not exhibit significant fluorescence polarization.
As compared to the ductal carcinoma sample presented in Figures 1 and 2 , the contrast in fluorescence polarization image of FCC is poor (Fig. 3A) . FCC exhibited fluorescence polarization of 0.02. This value is significantly lower as compared to the average fluorescence polarization of the tumor area in the ductal carcinoma specimen presented above, which was measured as 0.09. Standard OCT (Fig. 3B ) and PS OCT (Fig. 3C ) also display low contrast except for small pockets of adipose tissue in between areas of dense fibrous tissue. Neither of the OCT images of FCC highlights the lesion.
Cross-sectional standard OCT (Fig. 4B) shows no distinction between fibrous tissue and benign ducts and lobules, as indicated in histopathology. There is no adipose tissue present in this The results of our pilot trial suggest that presented combined technology has potential to detect microscopic nests of ductal carcinoma in situ. The resolution, afforded by the device (~ 12 μm), and high contrast of fluorescence polarization images point towards the feasibility of successful outcome. However, larger trials are required for conclusive proof of this hypothesis. Further clinical studies will focus on determining the sensitivity and specificity of this combined technology for delineating different types of breast cancer.
In conclusion, this study demonstrates the potential of combining wide-field fluorescence polarization imaging and OCT, standard and polarization sensitive, for rapid and reliable evaluation of breast cancer margins. The proposed approach can be used to image the excised tissue or the surgical wound in situ. In general, the two approaches should yield equivalent results and both can be implemented in clinical practice. For in vivo implementation it will be Research. 
